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Changes in single nephron renin release are mediated by
tubular fluid flow rate
PAUL P. LEYSSAC
The University Institute of Experimental Medicine, Copenhagen, Denmark
Changes in single nephron renin release are mediated by tubular fluid
flow rate. In vivo renin release from single nephrons microperfused with
artificial tubular fluid was studied in recollection experiments. Renin
concentration was measured in systemic arterial plasma (A-PRC) and in
either early proximal tubular fluid (TFR), or in plasma from the welling
point of the efferent arteriole (SV-PRC) belonging to the microperfused
nephron. Micropuncture collections were controlled to maintain the
proximal intratubular pressure equal to the control free-flaw pressure.
Increasing the Henle loop flow rate from 12 to 18, or to 34 nI/mm, was
followed by a significant decrease in TF5, while reducing the flow rate
from 12 to 6 nI/mm caused a significant increase in TFR. Similarly,
increasing the Henle loop free—flow rate by 6 to 8 nI/mm depressed
SV-PRC, while reducing the flaw rate by fluid aspiration at 8 to 10
ni/mm caused a significant increase in SV-PRC. These data indicate:
that renin release, to a significant part at least, occurs into the vascular
lumen of the afferent arteriole; that modest changes in early distal flow
rate may control ream release from the JG-cells: and that increasing the
flow rate depresses renin release, and vice versa. It is suggested that the
renin system is directly involved in an additional TGF mechanism
controlling postglomerular vascular resistances.
The unique structure of the mammalian juxtagiomerular
apparatus (JGA) led to the original proposal that the glomerular
filtration rate (GFR) somehow was controlled by the tubular
fluid flow past the macula densa via the granular JO-cells of the
afferent arteriole [1J. The JG-cells are now known to be the site
of synthesis, storage, and release of renin. However, contro-
versies have existed, and still remain unsettled, as to whether
an increased flow (or sodium chloride load) to the macula densa
region causes increased or decreased release or activation of
renin, and thereby of local angiotensin-lI formation; and,
whether or not renin is actually directly involved in a tubulo-
glomerular feedback (TGF) mechanism. Thus, according to the
hypotheses proposed by Leyssac [2] and by Vander [3], an
increased distal load should depress renin release and vice
versa. Further, if such macula densa—mediated changes in rcnin
release were to counteract the eliciting change in distal flow and
solute load, an effect of renin (that is, of endogeneous angio-
tensin-Il) on the postglomerular arteriole had to be postulated
[2, 4]. Thurau and his group [5, 6], on the other hand, advocate
the concept that local renin and/or angiotensin-Il activity is
stimulated by an increased sodium chloride load at the macula
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densa, and thus, should act predominantly on the preglomerular
arteriole in order to participate in the control of GFR and distal
tubular flow rate. Since the first direct demonstration of the
existance of a TOF mechanism [7], it has been generally
accepted that an increase in flow and/or solute load to the
macula densa region causes changes in arteriolar resistances by
a negative TGF mechanism, with the effect of lowering the
ultrafiltration pressure (Put). But it remains unclarified to what
degree, and/or under which conditions this effect is accom-
plished: by afferent arteriolar vasoconstriction or by efferent
vasodilation. It has been shown, though, that the maximum
TGF response, obtained by late proximal microperfusion rates
of 40 nllmin in stop—flow experiments, that is with an open
feedback loop, is due predominantly to an increase in preglo-
merular vascular resistance [8]. But it remains possible that
minor changes in tubular flow rate, such as those likely to occur
under physiological conditions, may elicit another response
acting predominantly on the postglomerular vascular resistance
by a different effector mechanism. The maximum TGF response
(to microperfusion at 40 nI/mm) is blunted, but not abolished by
inhibitors of the renin—angiotensin system 19—12], and the
magnitude of this response is independent of the widely varying
renal renin content obtained in a variety of experimental
conditions 1131. These findings have led to the suggestion that
this "classical" TGF response is not directly mediated by the
renin—angiotensin system, but rather that the renin system may
play a modulating role on the baseline vascular resistance [11],
thereby contributing to the vascular sensitivity. A similar
conclusion was reached by Navar and Rosivall in a recent
review [141. However, a different, oscillating TOF pressure
response, sensitive to late proximal flow rate changes f 3 to 8
nl/min has recently been described in a closed feedback loop
system [151. It responds to increased tubular flow with a
decreased filtration pressure, as is the case with the "classical"
TGF mechanism, but the data suggests a postglomerular origin
of this rhythmic resistance adjustment 1161. Inhibitors of the
renin—angiotensin system abolished this oscillating TOF re-
sponse [151, suggesting that the renin system might be directly
involved in this oscillating TGF response to small changes in
early distal flow rate.
The developement of radioimmunoassays (RIA) sensitive
enough to measure renin concentrations in nanoliter samples of
biological fluids [17, 18] has allowed the control of renin release
at the individual nephron level to be studied directly. But no
previous study has tested whether or not renin release from the
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single nephron is influenced by changes in its early distal flow
rate within the physiological range of flow variations. The
present study tests this possibility.
Methods
Male Sprague—Dawley rats, about 300 g body wt, maintained
on a normal diet with free access to food and tap water, were
anesthetized with a halothane—nitrous oxide—oxygen mixture.
Then they were artificially ventilated after the administration of
a muscle relaxant (gallamonium chloride), as previously de-
scribed [191, and prepared for micropuncture as also previously
described 120]. In brief, polyethylene catheters were inserted
into the left jugular vein for infusions, and into the right carotid
artery for blood sampling and continuous recording of the
systemic arterial pressure. The exposed left kidney was immo-
bilized with a Lucite ring and superfused with saline at 37°C. A
catheter was inserted in the left ureter for urine collections. The
renal capsule was left intact.
Intratuhular and intravascular pressures were measured by a
servo-nulling micropressure system, built according to the
description of Intaglietta, Powula RF, and Tompkins WR [21]
by PER-EL (Copenhagen, Denmark) and connected to a
Statham P23Db transducer (Statham Instruments, Oxnard, Cal-
ifornia, USA). The micropipettcs (O.D. 1 to 2 sm) were filled
with Lissamine green colored 1 M NaCI solution. The system
was calibrated each day before use via a small pressure cham-
ber. It was linear over the range 0 to 100 mm Hg, and permitted
pressures to he recorded with an accuracy of 0.5 mm Hg.
Systemic arterial pressure was measured in the left carotid
artery by a Statham P23Db pressure transducer, The pressures
were recorded on a Goertz Servogor recorder and simulta-
neously recorded and stored on a FM tape recorder.
Microperfusion was performed with sharpened micropipettes
(O.D. 8 to 10 m) mounted in a Hampcl microperfusion pump
type Ill (Neu-lsenberg, W. Germany). The micropipettes were
filled with artificial tubular fluid (ATF) of the following compo-
sition (in mmol/Iiter): NaCl 140, NaHCO3 4; KCI 4; CaCl2 2;
MgCI2 1; urea 7. Lissamine green was added to a final concen-
tration of 0.2%.
Experimental procedures and collection techniques.'
Tubular fluid renin. A priming dose of 24 to 30 mg poly-
fructosan (mutest, Laevosan, Linz Austria) in saline was given
intravenously (i.v.), followed by a continuous i.v. infusion of
0.3 mg polyfructosan per mm in a volume of 15 d/min through-
out the experiment. An equilibration period of 45 mm was
allowed before start of the experiment. After collection of the
first arterial blood sample (200 sl), the proximal luminal occlu-
sion time (OT) and the proximal Lissamine green transit time
(TT) was measured for estimates of proximal fractional reab-
sorption, as previously described in detail [20]. The first or
second proximal convolution of a nephron was then punctured
with a pressure pipette, the free—flow pressure was recorded,
and the remaining proximal convolutions visible on the renal
surface were localized by injecting a small amount of the
Lissamine green colored solution into the lumen. The micro-
perfusion pipette was then inserted into the last proximal
convolution (usually the sixth or fifth convolution), and a solid
paraffin block was injected into the fourth convolution and
checked for leakage. The stop—flow pressure was recorded and
the microperfusion pump rate set at 12 nI/mm. A collection
pipette (O.D. 10 to 12 pm) filled with colored mineral oil was
finally impaled into the second or third convolution, and tubular
fluid was collected at a rate adjusted to keep the intratubular
pressure equal to the recorded free--flow pressure during the
collection period (30 to 50 mm). Urine for clearance determi-
nation was collected into calibrated polyethylene tubing during
the tubular fluid collection. After collection of the first fluid
sample, a second blood sample was obtained from the carotid
artery, and the microperfusion rate was changed to either 6, 18
or, in a few experiments, to 34 nI/mm. A second collection
pipette was then inserted in the same puncture site, and a
second collection of tubular fluid was obtained as before. A
second urine sample was simultaneously collected for clearance
measurement. OT and TT were then measured again, and
finally a third blood sample was collected.
At the end of' the experiment, the punctured tubule was filled
with Nigrosin colored fluid for later identification, and the left
kidney was removed, drained weighed, and then maccrated in
hydrochloride acid. The sites of puncture were localized in the
microdissected nephron, and total length of the proximal tubule
as well as the distance of the collection site from the glomcrulus
was measured with an ocular micrometer, as previously (Ic-
scribed [22, 231.
Immediately after collection, tubular fluid was transferred
and stored under mineral oil in a small cup for subsequent
pipetting of nanoliter samples for renin measurements.
Efferent arteriolar renin. Proximal intratubular hydrostatic
pressure was measured in an early proximal convolution. The
last proximal convolution of the same nephron was localized by
injecting a small volume of colored solution from the pressure
pipette into the lumen, and the microperfusion pipette was
inserted in the last convolution. A second pressure pipette was
inserted in the welling point of the efferent arteriole (the "star
vessel") belonging to the same nephron. The criterion that the
microperfused tubule and the vessel belonged to the same
nephron was the activation of synchroneous pressure oscilla-
tions in the proximal lumen and the star vessel (SV) following
microperfusion at 3 or 4 nI/mm [16]. After collection of the first
arterial blood sample, the perfusion pump was activated to
either perfusion at 6 to 8 nI/mm (+ 6 to 8 nI/mm) or fluid
collection (suction) at 7 to 10 nI/mm (— 7 to 10 nI/mm) with a
closed feedback loop function (that is, without tubular luminal
blockade). The order of perfusion and suction in the first and
second collection periods was randomized. The SV-pressure
pipette was then replaced by an oil—filled, siliconized collection
pipette and efferent arteriolar blood was collected as previously
described in detail [24]. In brief, SV blood collection was
initiated by a brief moderate suction. As soon as red cells were
seen streaming into the pipette, the suction was interrupted and
the collection continued spontaneously or with a negative
pressure of no more than 2 mm Hg below atmospheric pressure
applied to the pipette. Tn all experiments, it was ascertained that
a brisk flow of red cells was maintained in all the branches from
the welling point beyond the site of collection. Furthermore,
proximal intratuhular pressure did not deviate from the
free—flow pressure during blood sampling in any of the experi-
ments, After completion of the first SV blood collection (30 to
so mm), a second arterial blood sample was obtained. The
microperfusion pump setting was reversed, and a second col-
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lection pipette was inserted into the same SV puncture site and
a recollection of blood started as before. At the end of the
second collection period, a third arterial blood sample was
finally obtained.
Arterial blood samples were immediately centrifuged, the
plasma separated, and a droplet of plasma was transferred and
stored under mineral oil in a small cup for later pipetting of
nanoliter samples for renin assay. After the micropuncture
collection of SV blood, the pipette tip was sealed and the
pipette sealed into a hematocrit tube for protection during
centrifugation as previously described [24]. The hernatocrit of
the SV blood was measured and the pipette subsequently cut at
the borderline between the red cells and the plasma. The
plasma—containing part of the pipette was placed in a holder and
submerged under mineral oil, which permitted collections to be
made of nanoliter volumes of the plasma directly from the
micropipette capillary tube with calibrated, constant—volume
nanoliter pipettes for renin assay.
The renin assay. Renin concentration was measured in
nanoliter samples of tubular fluid (TF) and plasma from col-
lected efferent arteriolar (SV) and systemic arterial blood by the
ultramicro-RIA of Lykkegaard and Poulsen [18] as previously
described [241. The assay, which is based on the angiotensin-I
antibody capture technique, had a detection limit of 2 to 3
nano-Goldblatt Units (GU) with a precision of 10%. This is
equivalent to the renin content in about 5 nl of normal arterial
rat plasma. For each plasma sample, duplicate measurements
were made with each of three different constant—volume
nanoliter pipettets covering a range from 15 to 70 nI, usually
about 20, 40, and 60 nI. For each TF sample, duplicates were
measured for each of two constant—volume pipettes of about
300 and 500 nanoliters, respectively. The nanoliter samples
were transferred directly into 20 d of the renin substrate
solution (1200 ng/ml), held at 0°C while contained in the test
tube used in the RIA, and kept frozen until assay. Before assay
5 l of 0.1 M phosphate buffer was added to give the same assay
volume as that for standards. The standard curve was obtained
from triplicate measurements on 20 pA volumes of substrate
solution (1200 ng/ml) and 5 ,td of appropriate dilutions of a
standard stock renin preparation, calibrated by comparison
with the hog renin standard from the Institute of Medical
Research, Holly Hill, London. The diluent was 0.1 M phosphate
buffer, pH 6.5. Standards, TF and/or plasma samples, were
incubated for 48 hours at 37°C, in which time the rate of
angiotensin-I generation was linear. The renin concentration
was estimated from the slope of the linear regression line
relating renin content of the sample to the nanoliter volume, and
thus was based on six individual measurements for each blood
sample, and four measurements for each TF sample.
Polyfructosan clearance. Polyfructosan in urine and plasma
was measured by the method of Bojesen [251 modified for
microanalysis, and the renal clearance of polyfructosan (de-
noted mutest clearance Cm) was calculated conventionally
for estimates of GFR.
Calculation of corrected tubular fluid renin concentration.
The approximate value of single nephron filtration rate
(SNGFR) was calculated from the mutest clearance (Cm) and
the number of nephrons per rat kidney:
SNGFR = Cin/30.000
End proximal tubular fluid/plasma inulin concentration ratio,
(TF/P)in, was calculated from the measured OT and TT accord-
ing to the expression [23]:
(TF/P)in = exp(TT/OT)
which gives values equal to those measured simultaneously and
directly in samples of tubular fluid collected by micropuncture
[20]. Proximal fractional reabsorption (PFR) was given by the
expression:
PFR = I — (P/TF)in
The absolute rate of fluid reabsorption at the end of the
proximal convolution (APR), that is at 60% of the total proximal
length of 10 mm, was calculated as:
APR = SNGFR x PFR (nl/min/mm tubular length [LI)
The absolute rate of fluid reabsorption until the site of fluid
collection was calculated from the APR and the measured
distance of the puncture site from the glomerulus. The cor-
rected proximal tubular fluid renin concentration (TFR°°1) was
then calculated from the measured TFR and the fractional water
reabsorption at the site of collection to give the TFR in case no
water reabsorption had occurred, that is:
TFR°° = TFR X (l-PFR at collection site).
The Wilcoxon test was used for significance of the difference
between paired data.
Results
Tubular fluid renin concentration
The data are given in Table 1. The absolute proximal tubular
fluid renin concentration (TFR) decreased in seven of eight
recollection experiments when the rate of microperfusion with
ATF into the loop of Henle was increased, and the TFR
increased in six of seven experiments when flow rate was
decreased from the control niicroperfusion rate of 12 nl/min.
Also, the systemic arterial plasma renin concentration (PRC)
varied during the course of an experiment. Changes in glomer-
ular capillary plasma renin concentration, and thus in the renin
concentration of the ultrafiltrate and tubular fluid, may be due
to changes in PRC as well as to changes in renin release from
the JGA into the blood stream. Changes in TFR due solely to
changes in renin release were, therefore, estimated by normal-
ization with respect to the PRC measured at the end of each
collection period. Also, the measured GFR, proximal fractional
reabsorption, and the estimated absolute rates of proximal
reabsorption per unit of tubular length were variable during the
experiments. Thus, changes in the rate of water reabsorption
upstream from the site of fluid collection, possibly unac-
companied by parallel changes in renin reabsorption, might
have influenced the estimate of change in TF1 due to changes in
rate of renin release from the JGA. The data on TFR corrected
for water reabsorption given in Table I should, therefore, give
a more correct estimate of the changes due to changes in
release, and were used for presentation in Figure 1. However,
it is apparent from Table 1 that the changes measured in TFR,
normalized with respect to PRC, were essentially similar when
directly measured values and those corrected for water reab-
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Table 1. Changes in early proximal tubular fluid renin concentration (TFR) following changes in late proximal flow rate (microperfusion rate).
Data from recollection stop—flow experiments
Exp. no.
2
perf.rate
nlI,nin
calc.
TF/P1,,
C1/30.000
(av.SNGFR)
ni/mm
site of
collect. %
prox.L.
APR
nI/mm
pr.mm.
TFR xi0"
GU/mi
TFRCOr
x l0-
GU/mi
PRC
GUI ml
TFIPRC
%
TFRcoIpRC
%
12 2.48 43.3 30 4.3 0.773 0.541 16.0 100 100
18 2.48 43.2 — 4.3 0.444 0.311 17.6 57 53
12 2.59 48.9 30 5.0 0.435 0.301 3.54 100 100
18 2.44 59.4 5.8 0.129 0.091 4.05 32 25.8
3 12 3.40 40.8 30 4.8 0.146 0.095 2.70 100 100
6 3.10 36.5 — 4.1 0.638 0.421 2.45 437 491
4 12 2.55 53.3 35 5.4 0.257 0.166 4.50 100 100
18 2.25 48.3 — 4.5 0.279 0.189 3.80 109 132
5 12 2.60 54.7 35 5.6 0.121 0.078 3.80 100 100
6 2.68 49.3 — 5.15 0.154 0.098 2.35 127 175
6 12 3.12 36.6 30 4.1 0.150 0.099 3.20 100 100
6 — — — — 0.383 0.253 4.00 255 203
7 12 2.06 40.6 25 3.5 0.997 0.784 1.65 100 100
18 2.06 39.2 — 3.5 0.211 0.166 1.60 21 21.7
8 12 2.34 53.0 35 5.1 0.144 0.096 3.4 100 100
6 2.02 26.0 — 2.2 0.199 0.149 2.8 169 189
9 12 2.76 35.0 15 3.7 1.28 1.08 4.3 100 100
6 2.11 35.0 — 3.1 1.50 1.31 3.4 121 154
10 12 3.42 43.5 25 5.1 0.206 0.145 2.0 100 100
6 3.23 41.0 — 4.7 0.236 0.168 2.0 115 115
11 12 2.45 28.0 15 2.8 0.577 0.492 6.2 100 100
18 1.97 45.0 — 3.7 0.256 0.225 4.4 44.4 64.5
12 12 2.0 70.5 25 5.9 0.107 0.085 2.15 100 100
6 1.87 43,6 — 3.4 0.089 0.072 1.45 123 126
13 12 2.68 50.9 20 5.3 0.360 0.285 3.60 100 100
34 2.09 43.6 — 3.8 0.146 0.121 3.20 40.5 42.4
14 12 2.38 52.7 15 5.1 0.804 0.687 4.35 100 100
34 2.95 18.0 — 2.0 0.360 0.300 4.40 44.7 43.6
15 12 2.39 46.5 15 4.5 0.811 0.693 5.90 100 100
34 2.58 34.2 — 3.5 0.251 0.213 5.70 30.9 30.7
Abbreviations are: APR, absolute proximal reabsorption rate; TFR°, tubular fluid renin concentration corrected for water loss due to
reabsorption; PRC, arterial plasma renin concentration.
sorption were used. Thus, the results from this series were riot PRC) and from the systemic arterial blood (A-PRC) in recollec-
significantly influenced by the correction. tion experiments arc given in Table 2. It is seen that the
Figure 1 shows data on the percentage changes in early absolute value of SV-PRC increased in five of five experiments
proximal tubular fluid renin concentration plotted as a function when tubular flow rate into the loop of Henle was decreased by
of late late proximal flow rate (abscissa). For the presentation in late proximal fluid aspiration, and decreased in three of three
Figure 1, the data on TF1 were corrected for water loss due to experiments when loop flow rate was increased by microperfu-
reabsorption to give values in ease no water reabsorption had sion. The data on SV-PRC were normalized with respect to the
occurred. Furthermore, they were normalized with respect to A-PRC for the reason given above for estimates of changes in
the systemic arterial plasma renin concentration (PRC) and TFR. n Figure 2, the normalized data are plotted (ordinate) as
plotted on a log scale (ordinate). 'rhe results indicate that the a I'unction of changes in late proximal flow rate (abscissa).
renin concentration in glomerular ultrafiltrate had changed The results consistently indicate that increasing tubular flow
within the period of collection in response to changes in late rate to the loop of Henle caused a fall in efferent arteriolar renin
proximal flow rate within the physiological range of variation concentration. At late proximal flow rates below the free—flow
from 6 to 18 nI/mm. Decreasing the perfusion rate from the control value (FF), the mean sD(SV/A)PRC ratio was 1.77
control value of 12 nI/mm to 6 nI/mm caused a significant 0.28. At flow rates 6 to 8 nI/mm above the control value, the
increase in corrected TF (P < 0.1)5), while increasing the mean sn (SV/A)PRC ratio was reduced to 1.25 0.21 (P
perfusion rate to 18 nI/mm depressed TFR significantly (P < 0.01).
0.05). Very high loop microperfusion rates above 30 nI/mm
caused no further significant decrease in '1'F1; nor did such high Discussion
perfusion rates cause any paradoxical increase in the renin In previous studies by Thurau and coworkers [61 and by
concentration. Gillies and Morgan [26], changes in renin content of individual
flerenr arteriolar plasma ,'enin concentration
juxtaglomerular apparatuses have been measured in response to
increasing the NaCl load to the macula densa segment. Both
The data on plasma renin concentration measured in plasma groups found that the renin content was increased when the
collected from the welling point of the efferent arteriole (SV NaCI load had been increased, Based on the magnitude of the
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Fig. 1. Changes in proximal tubular fluid renin concentration (TFR)
corrected flr water loss due to reabsorption and normalized with
respect to arterial plasma renin concentration (PRC) plotted on a log
scale (ordinate) versus rates of inicroperfusion into the loop of Henle.
Recollection experiments. Control data obtained at a perfusion rate of
12 nI/mm are given the value 100%.
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Fig. 2. Data on efThreni arteriolar plasma renin concentration col-
lected from the star vessel (SV) and normalized with respect to arterial
PRC (A) plotied versus changes in rates of tubular fluid flow into the
loop of Henle. FF refers to control free—flow rates in the non-perfused
nephron.
individual JGA was the content remaining after more or less
loss of renin during the preparation. From the data presented by
Gillies and Morgan 26J, it seems that the content of renin in
microdissected JGA was only about one third of that measured
in JGA obtained by biopsy, but the possible loss of renin from
JGA obtained by biopsy as estimated from whole kidney renin
content was not estimated. To the present author's knowledge,
there is no evidence that acute changes in renin activity within
the JG-cells is accompanied by a parallel, or any, change in the
rate of release. It might even be expected that cessation of renin
release due to an increased load to the macula densa segment
with continued synthesis would cause the renin content of the
JGA to increase with time. However, considering the renin
content of a normal rat kidney (1 g) of 3 GU 27], and 30.000
nephrons per kidney, the renin content per JGA would be about
0.1 mGU. Fromaplasmarenin concentration of 0.3 mGU/ml, a
volume of distribution of about 36 ml and a half—life of renin in
plasma of 30 mm, the rate of secretion would be about 6
nano-GU/min per JGA, that is, about 0.01 to 0.001% of the total
content per mm. Thus, even a tenfold increase in renin secre-
tion for one hour would not influence the renin content signif-
Table 2. Plasma renin concentrations (PRC) in star vessel (Sv) and
arterial (A) plasma. Recollection experiments during free—flow
microperfusion into, or collection from the corresponding late
proximal tubule
SVPRC APRC
perf.rate x104 ><l0- (SV/A) (SVIA)
rat no. nl/minr GU/mi GU/ml PRC PRC
+6.0 3.89 4.34 0.896
2 0 3.07 3.39 0.91
—7.0 4.26 2.80 1.52 +0.61
+6.5 3.63 2.92 1.24 —0.28
3 +6.4 2.49 2.16 1.15
—10.0 4.03 1.82 2.21 +1.06
4 +7.0 2.57 1.77 1.45
0 2.98 1.95 1.53 +0.08
5 +7.0 4.42 3.58 1.23
—7.0 4.67 3.00 1.57 +0.33
6 —8.5 6.18 2.85 2.17
+7.5 5.06 4.42 1.15 —1.02
7 +8.5 4.03 2.52 1.60
—8.5 6.42 3.51 1.83 +0.23
8 —10.7 6.21 3.90 1.59
+8.4 4.33 3.50 1.24 —0.35
+ nI/mm indicate microperfusion rate with ATF; — ni/mm indicate
tubular fluid collection with reversed pump setting.
change and its rapid time course, both groups concluded that
the increase in measured renin content was due to activation of
inactive renin present in the JG-cells rather than to de novo
synthesis. It should be noted that the renin content measured in
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icantly, and a complete cessation of release for one hour would
not cause any detectable change in the total content of a JGA.
Therefore, the present data on changes in the rate of renin
release do not contradict these previous results. They may be
quite compatible dealing with a different aspect of the problem.
Only three previous studies have investigated renin release at
the single nephron level by direct measurements of renin
concentration in the efferent arteriolar blood. The present
results confirm our previous finding [241 that efferent arteriolar
plasma renin concentration exceeds that of arterial plasma.
Assuming a filtration fraction of 0.27, which is the value found
in our laboratory in Sprague—Dawley rats under the same
experimental conditions and anesthesia 119], an efferent over
afferent plasma renin concentration ratio of 1.37 would be
expected if renin secretion rate was zero and if no renin was lost
by glomerular filtration. However, in a previous study [281 it
was found that 5.4% of renin carried to the afferent vessel was
lost by filtration. In this case, the SV/A PRC ratio would be
1.28, remarkably similar to the mean value of 1.25 found in the
present study at increased tubular flow rates. At reduced
tubular flow rates the ratio increased to 1.77, significantly above
a value of 1.37 (P <0.05). These data differ from those obtained
by Morgan and coworkers, who found efferent arteriolar renin
concentration either lower than [29], or equal to the arterial
concentration [301. The difference in results between these two
laboratories are undoubtedly due to methodological differences.
Thus, Morgan et al measured renin in whole blood and calcu-
lated the plasma renin concentration from the assumed hema-
tocrit (Htc), estimated from the arterial Htc and a whole kidney
filtration fraction of 0.28, while the present author measured
plasma renin concentrations directly. Also the collection tech-
nique differed. Morgan et al collected efferent blood rapidly by
suction SO that the stream of red cells into the capillary
branches from the welling point ceased (or reversed?). In the
present technique, star vessel blood was collected without, or
with minimal suction, which allowed a brisk streaming of red
cells into the capillaries. Also, the present method ascertained
that the early proximal intratubular pressure remained un-
changed, indicating that no significant change in filtration
pressure occurred during the collections. It has recently been
shown that collection of blood from the welling point of the
efferent ateriole (the star vessel) for estimates of single nephron
filtration fraction is subject to significant artifacts [31]. First, the
star vessel blood was invariably contaminated with reabsorb-
ate, and substantially more when blood was aspirated with than
without suction (11% 1 1% vs. 4% 1%, respectively).
Second, it was found that the filtration fraction derived from
Htc measurements were significantly higher than those based
on all)Umin concentration measurements, which was in agree-
ment with the finding by Leyssac [241 that efferent arteriolar
Htc was substantially higher than that estimated from the whole
kidney filtration fraction. Jensen, Blaehr and Steven 131] argue
that this increase in Htc probably is due to plasma skimming in
the preglomerular arterial tree rather than by skimming at the
tip of the collection pipette, as suspected by Leyssac. Never-
theless, both of these artifacts may well account for the
differences between the present results and those obtained by
Morgan, and they do support the present results being subject
to minimal and less methodological errors.
Morgan and coworkers [29, 32] concluded that renin release
from the juxtaglomerular cells occurs exclusively in the inter-
stitial space, and is taken up into the capillaries where it enters
the venules and the renal vein. The present study shows that
stimuli to the macula densa region causes change in renin
concentration of the glomerular ultrafiltrate (TFR, corrected).
Since similar changes were also measured in efferent arteriolar
plasma, it is impossible that the changes in TFR were due to
changes in the filtration harrier of the glomerular membrane. It
is, therefore, safe to conclude that the changes in ultrafiltrate
renin concentration reflect changes in the glomerular capillary
renin concentration due to interference with the control of renin
release. The present data strongly suggest that: first, at least a
significant part of renin secretion occurs directly into the
vascular lumen of the afferent arteriole when renin secretion is
stimulated, confirming the previous suggestion of Leyssac [241;
and second, renin release may he controlled by, among other
things, signals transferred from the tubular lumen by the macula
densa region to the JGA at the individual nephron level. Thus,
it seems reasonable to consider this control of renin release to
be part of a TGF response, not necessarily mediating the
prompt afferent arteriolar resistance change to large changes in
early distal flow rate. Rather, it may be part of a TGF response
to small changes in tubular flow rate mediating postglomerular
vascular resistance changes with a different (probably more
delayed) time course.
The only previous attempt to answer whether or not refill
release is directly affected by changes in the load to the macula
densa 130] used a somewhat different and less direct approach
than the present one. Morgan and Gillies measured renin
concentration in whole blood collected from superficial cat
venules draining several juxtaglomerular apparatuses. In some
experiments, oil blocks preventing tubular fluid flow to the
macula densa were injected into several convolutions surround-
ing the venule. It was found that the venule renin concentration
was lower in venules surrounded by oil blocked tubules than in
those from free—flow experiments, suggesting that the interrup-
tion of flow inhibited renin release. It is difficult to explain this
finding, which is opposite to the present results. It might be
explained by the methodological problems, mentioned above,
or it might be the result of the complete cessation of fluid flow
to the macula densa. In the present study, fluid flow into the
loop of Henle was maintained and varied within physiological
ranges during the collections, renin was measured in plasma of
blood collected from the vessel belonging to the individual
microperfuscd nephron, and changes were observed in samples
recollected from the same star vessel after induced changes in
tubular flow rate. The data indicate that renin release into the
vascular compartment was stimulated by a decrease in the flow
of fluid into the loop of Henle, and inhibited by an increase in
the flow rate. The ratio of eflérent arteriolar plasma renin
concentration/arterial plasma reni n concentration suggests that
zero net renin secretion rate was reached at late proximal flow
rates about 8 nI/mm above the control free—flow rate under
these experimental conditions. No further change was observed
even at much higher tubular flow rate.This finding is difficult
to fit into the concept advanced by Thurau [6, 331, which is
based on measurements of changes in the renin content of the
JGA following retrograde micropcrfusion of the macula densa
segment, rather than on measurements of rates of renin release.
Also, it is remarkable that amiloride, which has no effect on the
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tubuloglomerular feedback (TGF) response [34], abolished the
increase in JGA renin content following perfusion of the macula
densa segment with saline [33]. According to Thurau's concept
that an increased load of NaCl increases release and local
interstitial renin and/or angiotensin activity, one would now,
taking the present observations into account, have to postulate
that macula densa controlled renin or angiotensin release into
the interstitial space must change in the opposite direction to
renin release into the vascular lumen, which would seem
difficult to accept.
It seems more likely that the stimulation of renin release at a
reduced early distal flow rate occurs both to the vascular and
interstitial compartments in parallel. The resulting angiotensin-
11 formation may then participate locally in the control of
vascular resistances further downstream as the effector sub-
stance of a second TGF mechanism different from the "classi-
cal" one, both regarding effector substance and time constant.
This would also be consistent with existing experimental evi-
dence. Thus, it is widely accepted that angiotensin-Il acts
preferentially on the postglomerular vessels, as suggested by
Hall, Guyton and Cowley [35], at least when the prostaglandin
system is intact. Microper-fusion studies have shown that angi-
otensin-Il also influences the diameter of the peritubular capil-
laries, probably through a direct action on a contractile element
in the capillary wall [36]. Thus, the local intrarenal effect of
stimulated renin release at reduced tubular flow rate would be
an increase in the resistance of the entire postglomerular
vascular bed, including the peritubular capillaries. This effect
would elevate the glomerular capillary hydrostatic pressure,
and thereby counteract the eliciting decrease in early distal flow
rate.
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